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Rim15 kinase, a downstream effector of PKA and TORC1 signaling pathways, initiates the quiescent
program upon nutrient starvation via induction of genes whose expression depends on transcrip-
tion factors Msn2, Msn4, and Gis1. Here, we demonstrate that Rim15 also induces expression of
Hsf1 target genes upon glucose depletion by both transcriptional activation and stabilization of
the transcripts. Rim15 phosphorylates Hsf1 in vitro, suggesting that Rim15 might directly activate
Hsf1. In addition, Igo1 and Igo2, Rim15 substrate proteins involved in mRNA stabilization, regulate
mRNA levels of Hsf1 target genes. We also show that Rim15 can phosphorylate Msn2, but not Gis1,
in vitro, implying different mechanisms for the activation of these transcription factors.
Structured summary of protein interactions:
Rim15 phosphorylates Msn2 by protein kinase assay (View interaction)
Rim15 phosphorylates Igo1 by protein kinase assay (View interaction)
Rim15 phosphorylates Hsf1 by protein kinase assay (View interaction)
Yak1 phosphorylates Hsf1 by protein kinase assay (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Bmh2, yeast 14-3-3 proteins [6,9]. However, the mechanism forIn Saccharomyces cerevisiae, nutrient-sensing kinases PKA (pro-
tein kinase A) and TORC1 (target of rapamycin complex 1) inte-
grate the nutrient signals to regulate cell proliferation by
stimulating ribosome biogenesis and translation while inhibiting
stress responses and autophagy [1–3]. In line with their functional
similarity, PKA and TORC1 signaling pathways share several com-
mon mediators including Yak1, a member of Ser/Thr kinases
known as dual-speciﬁcity Tyr phosphorylation-regulated kinases
(DYRKs) [4,5], and Rim15, a distinct member of the PAS family
[6,7].
Yak1 and Rim15 are negatively regulated by PKA and TORC1 by
different mechanisms. PKA-dependent phosphorylation inhibits
the nuclear localization of Yak1 [8], whereas PKA inhibits the
kinase activity of Rim15 [7]. Inhibition of TORC1 leads to the nucle-
ar localization of both Yak1 and Rim15. TORC1-dependent cyto-
plasmic retention of Rim15 is mediated by Sch9, which
phosphorylates Rim15, providing a binding site of Bmh1 andthe TORC1-dependent regulation of Yak1 is not well understood
[5]. Bmh1/2 also bind to Yak1 in the presence of glucose, but
Bmh1/2 repress the kinase activity of Yak1 rather than regulating
its cellular localization [8].
Upon nutrient starvation, Yak1 and Rim15 exert their effects on
growth inhibition and initiation of the quiescence (G0) program in
part by regulation of gene expression. Rim15 up-regulates the
expression of a variety of genes whose expression depends on zinc
ﬁnger transcription factors Msn2, Msn4, and Gis1 [10]. Msn2/4
activate gene expression by binding to stress response element
(STRE, AGGGG) in response to diverse environmental stresses
including heat shock, oxidative stress, and nutrient starvation
[11,12]. Gis1 activates transcription through post diauxic shift
(PDS, TT/AAGGGAT) element upon glucose depletion at the diauxic
shift [13]. Msn2/4 and Gis1 have functional overlaps, cooperatively
regulating many common targets [10]. However, it is not known
how Rim15 regulates the Msn2/4-dependent transcriptional acti-
vation. In addition to the transcriptional activation, Rim15 has
been shown to regulate gene expression by posttranscriptional
mRNA stabilization. Igo1 and Igo2, which are phosphorylated by
Rim15, antagonize decapping of speciﬁc nutrient-regulated
mRNAs, thus preventing their 50–30 degradation [14,15]. Recently,
it has been shown that the phosphorylated form of Igo1 binds to
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was identiﬁed as one of the PP2ACDC55 targets [16]. Therefore,
Rim15 indirectly activates Gis1 by preventing its dephosphoryla-
tion. Previously, we have shown that Yak1 activates Msn2 by direct
phosphorylation [17]. Although nuclear localization of Msn2/4 is
regulated by PKA-dependent phosphorylation [18], Yak1 might
be necessary for the activation of Msn2/4 after the event of DNA
binding. In addition, we have shown that Yak1 phosphorylates
and activates heat shock transcription factor Hsf1 upon glucose
depletion through enhancing its DNA binding afﬁnity [17].
In this study, we newly demonstrate the role for Rim15 in the
expression of Hsf1 target genes. We show that Rim15 can regulate
the expression of Hsf1 target genes by phosphorylation-dependent
activation of Hsf1 and possibly by Igo1/2-dependent stabilization
of the corresponding transcripts. Rim15 also phosphorylates
Msn2, but not Gis1, in vitro, suggesting that Yak1 and Rim15 con-
verge on the same targets, Hsf1 and Msn2, to cope with nutrient
starvation.
2. Materials and methods
2.1. Yeast strains, media, and growth conditions
Deletion mutants yak1D and rim15D were generated by inte-
gration of the PCR-ampliﬁed yak1D::loxP or rim15D::loxP cassette
into S. cerevisiae BY4741 strain (MATa his3D1 leu2D0 met15D0
ura3D0), respectively. CDV288-12A (MATa his3D1 leu2D0 met15D0
ura3D0 igo1D::KanMX4 igo2D::KanMX4) was kindly provided by
Dr. C.D. Virgilio (University of Fribourg, Switzerland). For stress
induction, cells were grown in YPD medium (1% yeast extract, 2%
bacto-peptone, and 2% dextrose) to OD600 of 0.8–1.0 and then
shifted to YP medium without glucose, heat shocked at 39 C, or
treated with 200 ng/ml rapamycin.
2.2. Plasmids
The expression vector for GST-Hsf1 was described previously
[19]. Plasmid pGEX-3X-HSF1 (1–155) was generated by cloning a
PCR product into SmaI and EcoRI sites of pGEX-3X vector. The
expression vectors for GST-Hsf1 (1–260) and GST-Hsf1 (261–833)
were generated by cloning the PCR products into EcoRI and XhoI
sites of pGEX4T-1 vector. The expression vectors for GST-Yak1
and full-length or truncated derivatives of GST-Msn2 (1–400,
401–704, and 1–704) were described previously [17]. The expres-
sion vector for GST-Gis1 was generated by cloning a 2651 bp PCR
fragment containing GIS1 ORF into SmaI and XhoI sites of
pGEX4T-1. The expression vectors for GST-Igo1 (pLC1092) [15]
and GST-Rim15 (pCDV487) [6] were provided by Dr. C.D. Virgilio
(University of Fribourg, Switzerland). Plasmid pRS426GAL1-GST
was generated by cloning a 0.75 kb PCR fragment containing GST
from pGEX4T-1 into SpeI and HindIII sites of pRS426GAL1. And
then, pRS426GAL1-GST-RIM15K823Y/C1176Y was generated by homol-
ogous recombination. All site-speciﬁc mutageneses were per-
formed by using overlapping PCR and the mutated sequences
were veriﬁed by DNA sequencing. To generate HSE-EGFP reporter,
pRS413-EGFP plasmid was ﬁrst generated by cloning a 717 bp
PCR fragment containing EGFP ORF into BamHI and EcoRI sites of
pRS413. Next, 450 bp BTN2 promoter region was cloned into
Not1/Spe1 sites pRS413-EGFP, and 350 bp downstream region of
BTN2 was cloned into EcoRV/SalI sites of pRS413-EGFP, resulting
in pRS413-HSE-EGFP
2.3. Quantitative RT-PCR analysis
Total RNA was isolated from yeast cells and cDNAs were gener-
ated as described previously [17]. cDNAs were subsequentlyquantiﬁed by real-time PCR (LightCycler480) using SYBR green
master mix (Roche). The reactions were performed with 1 cycle at
95 C for 5 min, followed by 45 repeated cycles at 95 C for 20 s,
60 C for 20 s, and 72 C for 30 s. The ACT1 transcripts were used
as a control for the quantitative PCR. qRT-PCR primers ampliﬁed a
200 bp region of BTN2 (BTN2F:50-AGCAATTCTGGTTCAGCAGAAAG-
30; BTN2R:50-TTATATCTCCTCAATAATAGAGTTT-30), a 201 bp region
of HSP26 (HSP26F:50-AAGGTCAAGGAGAGCAGCTCTG-30; HSP26R:
50-TTAGTTACCCCACGATTCTTGAG-30), a 202 bp region of CTT1
(CTT1F:50-CAGAAGAAATTATTCGTTCATAACG-30; CTT1R:50-TTAATT
GGCACTTGCAATGGACC-30), and a 106 bp region of ACT1 (ACT1F:
50-GCCGAAAGAATGCAAAAGGA-30; ACT1R:50-TAGAACCACCAATCC
AGACGG-30).
2.4. Puriﬁcation of GST-Rim15 from S. cerevisiae
Expression vector for GST-Rim15 (pCDV487) or GST-Rim15-
K823Y/C1176Y (pRS426GAL1-GST-RIM15K823Y/C1176Y) was transformed
into rim15Dyak1D strain. The transformants were cultured
overnight in SC-Ura medium containing 2% rafﬁnose, and then
transferred to SC-Ura medium containing 4% galactose for 4 h.
GST-fusion proteins were puriﬁed from cell extracts using glutathi-
one-agarose (Novagen), and stored at 70 C.
2.5. In vitro kinase assays
In order to purify GST fusion proteins from Escherichia coli, Ro-
setta gami2(DE3) strain was transformed with various expression
vectors, and the proteins were induced with 1 mM IPTG for 3 h,
puriﬁed using glutathione-agarose, and stored at 70 C after dial-
ysis against dialysis buffer [50 mM Tris HCl (pH 8.0) and 10% glyc-
erol]. Kinase assays using GST-Rim15 puriﬁed from S. cerevisiae or
GST-Yak1 puriﬁed from E. coli were performed by incubating
0.1 lg of kinase with 1–5 lg of GST-Igo1, GST-Hsf1, GST-Gis1,
GST-Msn2 puriﬁed from E. coli in 30 ll reaction buffer containing
25 mM HEPES (pH 7.5), 10 mM MgCl2, 50 lM ATP, and 5 lCi of
[c-32P]-ATP at room temperature for 60 min. Reactions were termi-
nated by boiling in SDS–PAGE sample buffer. The reaction products
were separated by SDS–PAGE and the phosphorylated proteins
were detected by phosphorimager analysis.3. Results
3.1. Both Rim15 and Yak1 are involved in the transcriptional
activation of Hsf1 and Msn2/4 target genes
Yak1 is known to activate Hsf1 and Msn2/4 by direct phosphor-
ylation [17]. Based on a functional similarity between Yak1 and
Rim15, we asked whether Rim15 is also involved in the regulation
of Hsf1. First, we examined the effect of RIM15 deletion on the
expression of Hsf1 target genes under the conditions of acute glu-
cose depletion (Fig. 1A). Glucose starvation-dependent induction of
BTN2, an Hsf1 target gene, was reduced in yak1D compared with
wild type as previously reported [17]. Deletion of RIM15 also re-
duced the induction of BTN2, indicating that both Yak1 and
Rim15 are involved in the activation of Hsf1 target genes upon
glucose starvation. BTN2 induction was further reduced in
yak1Drim15D, suggesting a combinatorial effect of Rim15 and
Yak1 in BTN2 expression. HSP26, which are regulated by both
Hsf1 and Msn2/4, showed Yak1- and Rim15-dependent induction
patterns similar to those of BTN2 (Fig. 1A). In agreement with our
previous result showing that Yak1 is involved in the activation of
Msn2/4, deletion of YAK1 reduced the glucose starvation-depen-
dent induction of CTT1, an Msn2/4 target. Although Rim15 is also
known to activate Msn2/4 target genes, CTT1 induction was not
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Fig. 1. Roles of Yak1 and Rim15 in the expression of Hsf1 and Msn2/4 target genes under stress conditions. Wild type (WT), yak1D, rim15D, and rim15Dyak1D cells were
grown in YPD medium containing 2% glucose until early exponential phase and then shifted to YP medium lacking glucose (A), heat shocked at 39 C (C), or treated with
200 ng/ml rapamycin (D) for the indicated times. The mRNA levels of BTN2, HSP26, and CTT1 were quantiﬁed by qRT-PCR and normalized to ACT1 mRNA. Error bars indicate
standard deviations of three independent experiments. (B) WT and rim15D cells harboring HSE-EGFP reporter plasmid were grown in a selective minimal medium containing
2% glucose and shifted to a medium lacking glucose. EGFP mRNA levels were quantiﬁed by qRT-PCR and normalized to ACT1 mRNA.
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conditions (Fig. 1A).
Although we have conﬁrmed that BTN2 expression is not re-
duced in msn2Dmsn4D (data not shown), 450 to 1000 regionof BTN2 promoter contains two potential Msn2/4 binding sites
(AGGGG) and seven AGGG sites which can be potential Gis1 bind-
ing sites (TT/AAGGGAT). Therefore, to exclude the possibility that
Rim15-dependent expression of BTN2 is mediated not only by
P. Lee et al. / FEBS Letters 587 (2013) 3648–3655 3651Hsf1 but also by Msn2/4 or Gis1, HSE-EGPF reporter was generated
by fusing 450 bp of BTN2 promoter region containing only HSE
with EGFP gene. Similar to the expression of the endogenous
BTN2, glucose starvation-dependent induction of this HSE-EGFP re-
porter was reduced in rim15D compared with wild type, suggest-
ing that Rim15-dependent regulation of BTN2 expression is via
regulation of Hsf1 (Fig. 1B).
Previously, we have shown that Yak1 contributes to the activa-
tion of Msn2 upon heat shock without playing a critical role in heat
shock activation of Hsf1 [17]. Accordingly, deletion of YAK1 clearly
reduced the induction of CTT1 upon heat shock, but exerted
marginal effects on the induction of BTN2 and HSP26 (Fig. 1C). The
weak effect of Yak1 and Rim15 on the heat shock induction of
Hsf1 target genes might be caused by a dominant role of
PKA-independent pathway for the heat shock activation of Hsf1.
CTT1 induction was also reduced in rim15D, indicating that Rim15
is involved in heat shock induction of Msn2/4 target genes. The
double deletion strain rim15Dyak1D showed greater defects in
CTT1 and HSP26 induction than each single deletion mutant,
suggesting that Yak1 and Rim15 act in parallel to activate Msn2/4
target genes upon heat shock. In line with the marginal effect ofHsf1Igo1
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detected by immunoblotting using anti-GST antibody. (B) Phosphorylation of GST-Igo1 a
C1176Y (KD) mutant proteins were puriﬁed from rim15Dyak1D strain, and in vitro kinase
bands were detected by SDS–PAGE followed by autoradiography. (C) GST-Hsf1 full length
E. coli and detected by immunoblotting using anti-GST antibody. (D) Phosphorylation of G
from E. coli and S. cerevisiae, respectively, and in vitro kinase assays were performed u
GST-Yak1 was indicated.Yak1 and Rim15 on the heat shock induction of Hsf1 target genes,
the synergistic effect of rim15D and yak1D was not observed for
the heat shock induction of BTN2.
Next, we investigated the role for Rim15 and Yak1 in gene
expression upon inhibition of TORC1 by rapamycin. As previ-
ously reported, BTN2 mRNA level was not signiﬁcantly increased
by rapamycin treatment and rather slightly reduced after
30 min of TORC1 inactivation (Fig. 1D). Deletion of neither
YAK1 nor RIM15 exerted signiﬁcant effect on BTN2 expression
upon rapamycin treatment. On the other hand, deletion of
RIM15 reduced the rapamycin-dependent induction of HSP26
and CTT1, conﬁrming the role for Rim15 in activation of
Msn2/4 upon TORC1 inhibition. CTT1 induction was also re-
duced by the lack of YAK1.
Taken together, we newly discovered that Rim15 is involved in
the activation of Hsf1 targets upon glucose starvation. Yak1 and
Rim15 might act downstream of PKA to commonly regulate Hsf1
and Msn2/4 targets upon glucose starvation and heat shock, but
their effects seem to be different depending on the promoter con-
text of the targets. For TORC1-dependent regulation of Msn2/4,
Rim15 seems to play a larger role than Yak1.GST-Hsf1GST-Igo1
5 WT KD WT KD
GST-Yak1Rim15
Yak1
-Hsf1 GST-Hsf1
or kinase assays. GST-fused Igo1 and Hsf1 proteins were puriﬁed from E. coli and
nd GST-Hsf1 in vitro by Rim15. GST-Rim15 wild type (WT) and kinase-dead K823Y/
assays were performed using GST-Igo1 and GST-Hsf1 as substrates. Phosphorylated
(1–833) and truncation mutants used for kinase assays. Proteins were puriﬁed from
ST-Hsf1 in vitro by Yak1 and Rim15. GST-Yak1 and GST-Rim15 kinases were puriﬁed
sing various truncated forms of GST-Hsf1 proteins. Autophosphorylation band of
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Next, we investigated whether the Rim15-dependent activation
of Hsf1 target genes is mediated by direct phosphorylation of Hsf1
by Rim15. To eliminate the possible co-puriﬁcation of Yak1, which
is known to phosphorylate Hsf1, we puriﬁed GST-Rim15 in rim15-
Dyak1D strain. Igo1, the known substrate of Rim15 [15] was used
as a positive control for in vitro kinase assay. GST-Igo1 and
GST-Hsf1 were expressed and puriﬁed in E. coli (Fig. 2A). As
shown in Fig. 2B, GST-Rim15, but not a kinase-dead mutant GST-
Rim15K823Y/C1176Y, could phosphorylate Hsf1 as well as Igo1
in vitro.
Since Yak1 also phosphorylates Hsf1, we compared the
Yak1- and Rim15-dependent phosphorylation sites in Hsf1 by
using various truncation mutants of Hsf1 (Fig. 2C). Although
GST-Hsf1 (1–260) was phosphorylated by both Rim15 and Yak1,[B
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mRNA. (B) Glucose starvation-dependent induction of BTN2 and HSP26 mRNA levels waGST-Hsf1 (1–155) was phosphorylated by Yak1, but not by
Rim15 (Fig. 2D). On the other hand, only Rim15 could phosphory-
late GST-Hsf1 (261–833), indicating that Rim15 and Yak1 might
activate Hsf1 through phosphorylating different sites.
3.3. BTN2 mRNA level is regulated by Igo1/2 upon glucose starvation
Rim15 plays a dual role in gene regulation by transcriptional
activation and protection of the transcripts from degradation via
phosphorylating Igo1/2 [14,15]. It has been shown that rapamy-
cin-dependent induction of the entire Rim15-regulated genes
requires Igo1/2 [15]. Although our results suggest that Rim15-
depedent phosphorylation and subsequent activation of Hsf1
might be responsible for the Rim15-dependent induction of BTN2
upon glucose starvation, we cannot rule out the possibility that
Igo1/2-dependent stabilization of BTN2 transcript is also part0 30
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. BTN2 and HSP26 mRNA levels were detected by qRT-PCR and normalized to ACT1
s detected in wild type and gis1D by qRT-PCR.
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sibility, we investigated the effect of IGO1 and IGO2 deletion on
the expression of BTN2 upon glucose starvation. Previously, it
has been shown that Igo1/2 are involved in the stabilization
of HSP26 mRNA following rapamycin treatment [15]. As shown
in Fig 3A, glucose starvation-dependent induction of BTN2 as
well as HSP26 was reduced in both rim15D and igo1Digo2D
compared with WT, suggesting that Igo1/2-dependent stabiliza-
tion of BTN2 mRNA may also contributes to the induction of
BTN2 level upon glucose starvation. In agreement with the fact
that Rim15 is an upstream regulator of Igo1/2, the triple mu-
tant rim15Digo1Digo2D and rim15D showed similar levels of
BTN2 and HSP26 expression, which were slightly lower than
those in igo1Digo2D. Since Gis1 activity has been shown to be
regulated by Igo1/2 via PP2ACDC55 [16], we checked whether
Gis1 is involved in BTN2 mRNA expression. However, glucose
starvation-dependent induction of BTN2 was not affected by
the lack of GIS1 (Fig 3B). In addition, gis1D reproducibly showed
slightly higher induction levels of HSP26 mRNA upon acute glu-
cose starvation (Fig. 3B), suggesting that the effects of IGO1/2
deletion on the mRNA levels of BTN2 and HSP26 (Fig. 3A) are
not mediated by Gis1. However, we cannot rule out the possi-
bility that Igo1/2 affect BTN2 mRNA levels not only by regulat-
ing mRNA stability, but also through a yet unidentiﬁed indirect
mechanism.Gis1 Msn2
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GST-Rim15K823Y/C1176Y (KD) puriﬁed from S. cerevisiae. (C) GST-Msn2 derivatives used f
puriﬁed from E. coli and detected by immunoblotting using anti-GST antibody. (D) The GS
Rim15 in vitro.3.4. Rim15 phosphorylates Msn2, but not Gis1, in vitro
Although Rim15 is known to be involved in the transcriptional
activation of Msn2/4 and the Gis1 target genes [10], the activa-
tion mechanisms are largely unknown. Since we detected direct
phosphorylation of Hsf1 by Rim15, we also examined whether
Msn2 and Gis1 are direct substrates of Rim15. Interestingly,
Rim15 could directly phosphorylate Msn2, but not Gis1, in vitro
(Fig. 4A and B).
In order to exclude the possibility that the lack of Rim15-depen-
dent phosphorylation of Gis1 could be caused by misfolding or
other functional defects of GST-Gis1 puriﬁed from E. coli, we
checked the DNA binding activity of Gis1 by DNA footprinting
experiment. We could detect binding of GST-Gis1 to two PDS sites
in SSA3 promoter region (300 to 100) (Supplementary data).
Therefore, our kinase assay with GST-Gis1 might be valid and it
seems to be clear that GST-Gis1 is not phosphorylated by Rim15
in vitro. These results are consistent with the recent report show-
ing an indirect regulation of Gis1 by Rim15 via Igo1/2 [16].
Rim15 phosphorylated both N-terminal domain (1–400) and C-
terminal domain (401–704) of Msn2 (Fig. 4C and D). Previously, we
have shown that Yak1 can activate Msn2 by direct phosphorylation
on the C-terminal domain (401–704) [17], implying that Yak1 and
Rim15 might regulate Msn2 through phosphorylating different
sites.GST-Rim15
GST-Msn2
GST-Msn2GST-Gis1
15 WT KD WT KD
oteins used for kinase assays. GST-fused Gis1 and Msn2 proteins were puriﬁed from
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or kinase assays. GST-Msn2 full length (1–704) and its truncated derivatives were
T-Msn2 and its truncated derivatives shown in panel C were phosphorylated by GST-
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Fig. 5. A model for the Yak1- and Rim15-dependent regulation of Hsf1 and Msn2/4 target genes. Under high glucose conditions, PKA inhibits the nuclear localization of Yak1
[8] and Msn2/4 [18], and the kinase activity of Rim15 by direct phosphorylation [7] (black circle). Sch9, a downstream kinase of TORC1, phosphorylates Rim15, thus inhibiting
its nuclear localization [6] (gray circle). TORC1 also controls some PKA targets though activation of PKA via Sch9 [22]. Upon nutrient starvation, active Yak1 and Rim15 in the
nucleus activate Hsf1 and Msn2/4 by direct phosphorylation (white circle). Rim15-dependent phosphorylation of Igo1/2 inhibits PP2ACDC55, thus activating Gis1 which is a
substrate of PP2ACDC55 [16]. In addition, the Igo1/2-PP2ACDC55 signaling pathway prevents 50–30 degradation of the induced transcripts [15].
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Yak1 and Rim15, common downstream effectors of PKA and
TORC1 signaling pathways, play critical roles in proper entry into
the quiescent stage upon nutrient depletion through regulation
of gene expression. Previously, we have shown that Yak1 activates
Hsf1 and Msn2/4 by direct phosphorylation [17]. Rim15 has been
known to function in transcriptional activation of Msn2/4 and
Gis1 target genes, but the activation mechanisms are not well
understood. Although Msn2/4 and Gis1 have redundant functions
by sharing many common targets, our study has revealed that
Msn2, but not Gis1, is a direct substrate of Rim15. The kinase activ-
ity of Rim15 has been shown to be necessary for the Gis1-depen-
dent transcription [20], but Rim15 may contribute to the
activation of Gis1 through indirect pathway involving Igo1/2 and
PP2ACDC55 [16]. Furthermore, we have shown that Rim15 can acti-
vate Hsf1 by direct phosphorylation. Therefore, in response to glu-
cose starvation, Yak1 and Rim15 may work cooperatively by
phosphorylation and subsequent activation of common targets,
Msn2/4 and Hsf1 (Fig. 5). However, Yak1 and Rim15 seem to phos-
phorylate different sites in Msn2 and Hsf1, implying that although
Yak1 and Rim15 have redundant functions, each kinase might ex-
ert slightly different level of activation on the transcription factors,
providing additive effects on the transcriptional activation.
Although Yak1-dependent phosphorylation of Hsf1 has been
shown to increase DNA binding activity of Hsf1 in vitro [17], our
ChIP analysis failed to detect any signiﬁcant difference in
Hsf1-GFP binding afﬁnity to the BTN2 promoter in wild type and
rim15D upon glucose starvation (data not shown). Therefore,
Rim15-dependent phosphorylation might activate Hsf1 at the level
of transactivation. It has been shown previously that Yak1 affects
neither nuclear transport of Msn2 upon glucose starvation norDNA binding activity of Msn2 in vitro [17]. Likewise, glucose
starvation-dependent nuclear localization of GFP-Msn2 was not
affected by the deletion of RIM15 (data not shown), suggesting that
Rim15 might activate Msn2 after the event of nuclear transloca-
tion. It needs further studies to elucidate more detailed activation
mechanisms of Hsf1 and Msn2/4 by Yak1 and Rim15. In addition,
it needs to be validated whether the Rim15-dependent
phosphorylation of Msn2/4 and Hsf1 observed in vitro is also
relevant in vivo.
Rim15 is involved in not only transcriptional activation, but also
posttranscriptional stabilization of the induced transcripts via
phosphorylating Iog1/2 [14]. Although the role for Yak1 in post-
transcriptional regulation has not yet been demonstrated, Yak1
phosphorylates Pop2, a component of Ccr4–Not deadenylase com-
plex regulating 30–50 mRNA decay [21]. The Yak1-dependent
hosphorylation site in Pop2 has been shown to be necessary for
G1 arrest upon glucose depletion [21]. Therefore, it is possible that
Yak1 might also regulate mRNA stability of a subset of transcripts
through regulation of Pop2 in response to nutrient signals.
In summary, in addition to their own speciﬁc functions, Yak1
and Rim15 seem to commonly regulate expression of Hsf1 and
Msn2/4 target genes by differential phosphorylation of the tran-
scription factors. Such a cooperative and sophisticated regulation
of the central stress-responsive transcription factors might ensure
proper cellular adaptation and survival in response to a diverse
range of nutrient starvation conditions.
Acknowledgements
This work was supported by the National Research Foundation
of Korea (NRF) Grant funded by the Korean Government (2009-
0080615 and 2012-R1A1A-3011963).
P. Lee et al. / FEBS Letters 587 (2013) 3648–3655 3655Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.febslet.201
3.10.004.
References
[1] Yorimitsu, T., Zaman, S., Broach, J.R. and Klionsky, D.J. (2007) Protein kinase A
and Sch9 cooperatively regulate induction of autophagy in Saccharomyces
cerevisiae. Mol. Biol. Cell 18, 4180–4189.
[2] Wei, M., Fabrizio, P., Hu, J., Ge, H., Cheng, C., Li, L. and Longo, V.D. (2008) Life
span extension by calorie restriction depends on Rim15 and transcription
factors downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 4, e13.
[3] Roosen, J. et al. (2005) PKA and Sch9 control a molecular switch important for
the proper adaptation to nutrient availability. Mol. Microbiol. 55, 862–880.
[4] Martin, D.E., Soulard, A. and Hall, M.N. (2004) TOR regulates ribosomal protein
gene expression via PKA and the Forkhead transcription factor FHL1. Cell 119,
969–979.
[5] Schmelzle, T., Beck, T., Martin, D.E. and Hall, M.N. (2004) Activation of the RAS/
cyclic AMP pathway suppresses a TOR deﬁciency in yeast. Mol. Cell. Biol. 24,
338–351.
[6] Pedruzzi, I., Dubouloz, F., Cameroni, E., Wanke, V., Roosen, J., Winderickx, J. and
De Virgilio, C. (2003) TOR and PKA signaling pathways converge on the protein
kinase Rim15 to control entry into G0. Mol. Cell 12, 1607–1613.
[7] Reinders, A., Burckert, N., Boller, T., Wiemken, A. and De Virgilio, C. (1998)
Saccharomyces cerevisiae cAMP-dependent protein kinase controls entry into
stationary phase through the Rim15p protein kinase. Genes Dev. 12, 2943–
2955.
[8] Lee, P., Paik, S.M., Shin, C.S., Huh, W.K. and Hahn, J.S. (2011) Regulation of yeast
Yak1 kinase by PKA and autophosphorylation-dependent 14-3-3 binding. Mol.
Microbiol. 79, 633–646.
[9] Wanke, V., Pedruzzi, I., Cameroni, E., Dubouloz, F. and De Virgilio, C. (2005)
Regulation of G0 entry by the Pho80–Pho85 cyclin–CDK complex. EMBO J. 24,
4271–4278.
[10] Cameroni, E., Hulo, N., Roosen, J., Winderickx, J. and De Virgilio, C. (2004) The
novel yeast PAS kinase Rim 15 orchestrates G0-associated antioxidant defense
mechanisms. Cell Cycle 3, 462–468.[11] Martinez-Pastor, M.T., Marchler, G., Schuller, C., Marchler-Bauer, A., Ruis, H.
and Estruch, F. (1996) The Saccharomyces cerevisiae zinc ﬁnger proteins Msn2p
and Msn4p are required for transcriptional induction through the stress
response element (STRE). EMBO J. 15, 2227–2235.
[12] Gorner, W., Durchschlag, E., Martinez-Pastor, M.T., Estruch, F., Ammerer, G.,
Hamilton, B., Ruis, H. and Schuller, C. (1998) Nuclear localization of the C2H2
zinc ﬁnger protein Msn2p is regulated by stress and protein kinase A activity.
Genes Dev. 12, 586–597.
[13] Pedruzzi, I., Burckert, N., Egger, P. and De Virgilio, C. (2000) Saccharomyces
cerevisiae Ras/cAMP pathway controls post-diauxic shift element-dependent
transcription through the zinc ﬁnger protein Gis1. EMBO J. 19, 2569–2579.
[14] Luo, X., Talarek, N. and De Virgilio, C. (2011) Initiation of the yeast G0 program
requires Igo1 and Igo2, which antagonize activation of decapping of speciﬁc
nutrient-regulated mRNAs. RNA Biol. 8, 14–17.
[15] Talarek, N. et al. (2010) Initiation of the TORC1-regulated G0 program requires
Igo1/2, which license speciﬁc mRNAs to evade degradation via the 50–30 mRNA
decay pathway. Mol. Cell 38, 345–355.
[16] Bontron, S., Jaquenoud, M., Vaga, S., Talarek, N., Bodenmiller, B., Aebersold, R.
and De Virgilio, C. (2013) Yeast endosulﬁnes control entry into quiescence and
chronological life span by inhibiting protein phosphatase 2A. Cell Rep. 3, 16–
22.
[17] Lee, P., Cho, B.R., Joo, H.S. and Hahn, J.S. (2008) Yeast Yak1 kinase, a bridge
between PKA and stress-responsive transcription factors, Hsf1 and Msn2/
Msn4. Mol. Microbiol. 70, 882–895.
[18] De Wever, V., Reiter, W., Ballarini, A., Ammerer, G. and Brocard, C. (2005) A
dual role for PP1 in shaping the Msn2-dependent transcriptional response to
glucose starvation. EMBO J. 24, 4115–4123.
[19] Hahn, J.S. and Thiele, D.J. (2004) Activation of the Saccharomyces cerevisiae
heat shock transcription factor under glucose starvation conditions by Snf1
protein kinase. J. Biol. Chem. 279, 5169–5176.
[20] Zhang, N. and Oliver, S.G. (2010) The transcription activity of Gis1 is negatively
modulated by proteasome-mediated limited proteolysis. J. Biol. Chem. 285,
6465–6476.
[21] Moriya, H., Shimizu-Yoshida, Y., Omori, A., Iwashita, S., Katoh, M. and Sakai, A.
(2001) Yak1p, a DYRK family kinase, translocates to the nucleus and
phosphorylates yeast Pop2p in response to a glucose signal. Genes Dev. 15,
1217–1228.
[22] Soulard, A., Cremonesi, A., Moes, S., Schutz, F., Jeno, P. and Hall, M.N. (2010)
The rapamycin-sensitive phosphoproteome reveals that TOR controls protein
kinase A toward some but not all substrates. Mol. Biol. Cell 21, 3475–3486.
